Green fluorescent protein (GFP) has become more popular to be used as a living marker for positively transfected clones in many studies. To establish stable cell lines constitutively expressing GFP, three GFPs expressed from plasmid pBIEGFP, pSG5GFP, and pRSGFP were introduced into NIH/3T3, BHK-21, Huh-7, and HepG2 cells. All the GFPs we used are the mutant forms of a common wild phenotype. The pBIEGFP expressed enhanced GFP (EGFP). The pRSGFP and pSG5GFP expressed red shift GFP (RSGFP). The RSGFP gene in pSG5GFP was driven by a strong SV40 promoter and showed at least 20-fold higher RSGFP expression by western blot analysis. Despite of the variation in the levels of GFP expression, many GFP expressing cells contracted, rounded-up, and died, which was confirmed by decreasing luciferase activity. CPP32 activity and flow cytometric analyses further demonstrate that cells expressing GFP underwent apoptosis. Our observation is contradictory to other reports that GFP is nontoxic to the cells. Most importantly, this paper shows for the first time the link between expression of GFP and induction of apoptosis. This finding should promote studies of GFP cytotoxicity and attempts to isolate new non-toxic mutants of GFP.
Green fluorescent protein (GFP) cloned from Aequorea victoria absorbs blue light and emits green fluorescence. GFP fluorescence is stable, species independent, and dose not require any substrates or cofactors (1, 2) . It has been extensively used as a useful marker for baculovirus titering, cell apoptosis and inhibitory gene expression (3, 4, 5) . GFP retains fluorescence when fused to another protein both on the N-and C-terminal ends, which makes it an attractive fluorescent tag to monitor subcellular activities such as gene expression, protein-protein interactions, trafficking and localization in vivo in real time (6) . GFP has been extensively utilized as a living marker for transient and stable transfection analysis (7, 8) . Despite many cell lines with integrated green fluorescent gene and constitutively expressing its product have been reported, the efficiency of establishing stable cell lines is normally low. It indicates the difficulty of establishing GFP stable cell lines but the reason is unknown. The only report of GFP induced cell death is that exciting GFP intensely for extended periods may generate free radicals that are toxic to the cell (9) . GFP is a stable protein, which maintains the fluorescence even after prolonged incubation in strong denaturing agents such as 6 M guanidine HCl, 8 M urea or 1% sodium dodecyl sulfate (10) . The fluorescence lasts at least 5 h under continuous ultraviolet irradiation, and the strong fluorescence can be detected for at least 4 days at 22°C or for 6 days at 4°C (11) . The original gene has been mutated to optimize its expression and emission of fluorescent light in mammalian cells (2) . Many forms of mutant GFP with brighter fluorescence and slower rate of photobleaching are commercially available. For example, EGFP from pBIEGFP (CLONTECH, Palo Alto, CA, USA) contains Lie 64 and Thr 65 two amino acid substitutions, which shifts the emission from green (ca. 509 nm) to yellowish green (527 nm). RSGFP from pRSGFP contains Met 64 , Gly 65 and Leu 69 three amino acid substitutions, which shifts the emission from green to yellowish green (560 nm) ( Table 1 ). The GFP expressed from pSG5GFP is the same RSGFP as from pRSGFP except that the RSGFP gene in pSG5GFP was driven by a strong SV40 promoter and shows at least 20-fold higher GFP expression. In this study, we tested the brightness of the fluorescence and the rate of photobleaching of above three GFPs in NIH/3T3, BHK-21, Huh-7 and HepG2 cell lines in an attempt to establish stable GFP expressing cell lines. Surprisingly, many cells died of apoptosis, demonstrating the difficult to establish stable cell lines expressing GFP.
MATERIALS AND METHODS
Cells and plasmid DNA. NIH/3T3, BHK-21, HepG2 and Huh-7 four cell lines were maintained in ␣-minimal essential medium (␣-MEM; GIBCO, BRL, Grand Island, NY, USA) supplemented with 10% calf serum (GIBCO, BRL) at 37°C in a 5% CO 2 incubator. NIH/3T3 cells are from mouse fibroblast, BHK-21 from baby hamster kidney cell, HepG2 (ATCC, Rockville, MD, USA) and Huh-7 (a gift from Dr. C. K. Chou) from hepatoma cancers.
The pRSGFP containing the red-shift GFP and pBIEGFP containing the enhanced GFP were purchased from CLONTECH, USA. The GFP in pSG5GFP was cloned from pRSGFP by EcoRI and BamHI digestion of the 0.8 kb GFP gene. The vector pSG5 was purchased from STRATAGENE, USA.
Western blot analysis. Total protein (50 g) from the cells was denatured in SDS lysis buffer and loaded onto duplicated 12% SDSpolyacrylamide gels. After electrophoresis at 100 V for 3 h, one gel was stained with 0.5% colorimetric coomassie brilliant blue (Sigma, St. Louis, MO, USA) as a quantitative control, and the other gel was transferred to a polyvinylidine difluoride (PVDF) membrane (STRATAGENE, La Jolla, CA, USA) and followed by 5% skim milk blocking in PBST solution at 4°C overnight. After washing with PBST and PBS buffer, the membrane was hybridized with the monoclonal anti-GFP primary antibody (CLONTECH) at 37°C for 1 h. The membrane was then washed and hybridized with the monoclonal anti-mouse IgG conjugated with horseradish peroxidase at 25°C for 1 h (Jackson Immun. Res. Lab., West Grove, USA). After washing, the membrane was exposed to the X-ray film (Fuji, Tokyo, Japan) for 10 min after the ECL detection reagents (Amersham, Arlington Heights, IL, USA) were added.
Luciferase and ␤-galactosidase activity. The luciferase and ␤-galactosidase activities were determined by a Dual-light luciferase and ␤-galactosidase reporter gene assay system (TROPIX, Bedford, MA, USA) using a luminometer (MiniLumat LB 9506, Germany) (12) .
CPP32 activity assay. The cells (1 ϫ 10
6 ) in the 150-mm plate were harvested and resuspended in 50 l of chilled cell lysis buffer (ApoAlert CPP32 colorimetric assay kit, CLONTECH). Incubated cells on ice for 10 min and added 50 l of 2ϫ reaction buffer as well as 5 l of the conjugated substrate (1 mM). After incubating at 37°C for 1 h, the samples were transfered to a 96-well plate and measured spectrophotometrically with a Dynatech Mr5000 microplate reader (Dynatech Laboratories, VA, USA) at 405 nm (13) .
Flow cytometry. The cells (2 ϫ 10
5 ) in the 6-well trays were harvested at constant intervals. The cell pellets were resuspended in Hepes-buffered saline (HBS; 160 mM NaCl, 2.7 mM KCl, 6 mM glucose, 10 mM Hepes, 0.1% BSA, pH 7.3) and stained with dye Merocyanine 540 (MC540; Acros, Belgium) in the dark for 10 min. The property of MC540 is similar to that of Annexin V which can bind the phosphatidylserin component of extroverted inner membrane during cell apoptosis, and is used as the indicator of cell apoptosis (14) . The cell suspension was diluted with 0.5 ml HBS buffer and 5 ϫ 10 3 cells were assayed by the program CellFIT of fluorescence-activated cell sorter (FACScan; Becton, Dickinson Immunocytometry system, CA, USA).
RESULTS AND DISCUSSION

Comparison of the Expression Levels of Three GFP in Two Cell Lines
We compared the GFP expression levels from the pBIEGFP, pSG5GFP and pRSGFP in NIH/3T3, and BHK-21 cells by western blot analysis. Only the results of BHK-21 cells were shown because of the similarity with NIH/3T3 observation. The pSG5GFP shows the highest GFP expression level (ca. 20ϫ of pRSGFP) followed by pBIEGFP and pRSGFP (Fig. 1) . The higher GFP expression from pSG5GFP was due to the enhancement of the strong SV40 early promoter. The EGFP from pBIEGFP is the brightest in all the cell lines observed. The brightness of RSGFP expressed from pSG5GFP and pRSGFP is equivalent (data not shown). This result indicates that the brightness of GFP does not correlate with the level of GFP expression. Brightness of GFP is mainly determined by emission and excitation wavelength of GFP, which is listed in Table 1 (6) . Despite the GFP is very stable for at least 4 days after expression (11), most of our GFP expressing cells disappeared within 96 h (Fig. 2 , pBIEGFP in NIH/3T3 cells; Fig. 3 pSG5GFP in Huh-7 cells). One of the possibilities is that the cells died after expressing GFP.
Determination of the Fate of the Cells Expressing GFP by Luciferase Activity Analysis
We observed that most of the cells expressing GFP could only be detected within 120 h under the fluorescent microscopy. These cells (regardless the kind of GFP expressed) normally contracted, rounded-up and disappeared (Fig. 2 , pBIEGFP in NIH/3T3 cells; Fig. 3 pSG5GFP in Huh-7 cells). Two possibilities for the diminishing of GFP expressing cells: 1. GFP gene expression was shut off and cells were alive; 2. The cells expressing GFP died and GFP was degraded quickly. Our morphological data indicated that these cells were dead beyond 96 h, because they rounded-up and disappeared (Fig. 3) . However, direct evidence is needed to confirm that the cells expressing GFP died. If so, it is intriguing to know what kind of cell death may be induced. To demonstrate the cells indeed died of expressing GFP, we measured the luciferase activity of the cells for 3 days by transient transfection of the GFP plasmid and the luciferase plasmid (pTRELuc) at a molar ratio of 10:1. Luciferase activity was used as the indicator of cell viability. Cell lysate was collected and followed by luciferase activity analysis using a luminometer. Because of the molar ratio excess of the GFP gene containing plasmid, most of the cells expressing luciferase should also express GFP. Under this condition, if the GFP gene expression was shut off and the cell was alive, the luciferase should remain active and its activity should be kept at a steady level as compared to that of the control cells (in this case expressing ␤-galactosidase gene from the arbitrary pSG5lacZ plasmid). On the other hand, if the GFP expressing cells died, the total luciferase activity should accordingly drop as compared with the activity of the control cells expressing the arbitrary ␤-galactosidase gene. We first evaluated the effects of three GFP expression on BHK-21 cells at 24 h intervals for 3 days. Our data shows that the luciferase activities of the cells express- ing GFP dropped dramatically (between 4 to 9-fold) at 48 and 60 h. In contrast, ␤-galactosidase gene expressing cells, the luciferase activity remains at a constant level at all the times tested ( Table 2 ). To clarify whether the toxicity of GFP to cells is a general phenomenon, we transiently transfect pTRELuc reporter DNA and the pBIEGFP or pSG5lacZ DNA into three other cell lines NIH/3T3, Huh-7 and Hep-G2. The results are consistent with that in BHK-21. In conclusion, the luciferase activity of the GFP expressing cells significantly fell 48 h post-transfection (Table 3) . Taken together, both microscopic and biochemical studies demonstrate that many cells constantly expressing GFP eventually died, which was demonstrated by Note. pTRELuc (CLONTECH) is the plasmid expressing luciferase. The activity of luciferase can be detected by a luminometer. The pTRELuc and one of the GFPs (pSG5GFP, pRSGFP and pBIEGFP) or an arbitrary plasmid pSG5lacZ (at a molar ratio of 1:10) were cotransfected into BHK-21 cells by Lipofectin method. GFP seems not affecting the expression of luciferase.
a The cell lysate was extracted at 24 h intervals after transfection. b The numbers are the relative luciferase unit per microgram total protein (RLU/g).
three different GFPs in four cell lines, indicating that the toxic effect of GFP to the cells is a general phenomenon. Moreover, our western blot analysis demonstrated that the expression levels of GFP (pSG5GFP is the highest and pRSGFP is the lowest) did not affect the cytotoxic potency of GFP, and minimal amount of GFP expressed from pRSGFP is sufficient to kill the cells. We tried many times to establish stable cell lines using those GFPs and very few clones constitutively expressing GFP have been selected, further demonstrating that GFP is toxic to the cells. The cell lines we tried are NIH/3T3, BHK-21, HepG2, Hep3B, Huh-7, T24 and TSGH-8301. Our observation is contrast to other reports that GFP is nontoxic and can be easily used to establish stable cell lines (7) .
Identification of the Death of GFP Expressing Cells by CPP32 Activity and Flow Cytometric Analyses
To determine whether GFP triggered cell death is through apoptosis, we did the CPP32 activity and flow cytometric analyses. Apoptosis, or programmed cell death, plays a fundamental role in many normal biological processes as well as several disease states (15) . One of the ICE family proteases, CPP32, plays a direct role in the proteolytic digestion of cellular proteins responsible for progression to apoptosis. Thus, protease activity can be used to detect apoptosis earlier than many other commonly used assays. CPP32 protease activity exhibits similar kinetics when assayed by colorimetric method. We transfected either pBIEGFP or control pSG5 plasmid DNA into BHK-21 cells, all the cells were harvested and total protein was extracted. CPP32 activity analysis was then followed by a ApoAlert CPP32 assay kit (13) . We used BHK-21 cells with dengue-2 virus infection (M.O.I.: 1) as a positive control (unpublished data). BHK-21 cells either with GFP expression or with dengue virus infection shows 1.9-fold higher CPP32 activity as compared with the control BHK-21 cells (counted as 1) indicating the equivalent stimulation of ICE-depenent apoptosis by GFP and dengue viral infection (Fig. 4) .
In a normal cell, most of the phosphatidylserine (PS) is localized to the interior face of the plasma membrane, but within one hour after the induction of apoptosis, PS redistributes to the cell surface. PS externation is an active process and can be used as a tag to detect apoptotic cells. Moreover, a dye merocyanine 540 (MC540) similar to Annexin V was utilized to label PS. The cells expressing either GFP or arbitrary pSG5lacZ gene were treated with MC540 followed by flow cytometric analysis. Our data demonstrate that about 3.2% of the GFP expressing cells were also labeled by MC540, representing apoptotic population by 48 h after transfection (Fig. 5A, gate 2) . In contrast, only 0.44% of the cells expressing lacZ gene were labeled by MC540 and died of apoptosis (Fig. 5B, gate 2) . This result clearly demonstrates that cells expressing GFP become more apoptotic. We tested GFPs expressed from pBIEGFP, pRSGFP and pSG5GFP, the pro-apoptotic effect is the same. In conclusion, GFP per se can induce apoptosis but how the apoptosis was triggered by GFP remaining unclear and needs further exploration. Nevertheless, our study showed for the first time the link between expression of GFP and induction of apoptosis. Moreover, it unveils the possible reason for difficulty in establishing stable cell lines expressing GFP.
